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Abstrat
A mirosopi angular momentum projetion after variation is used to desribe
quadrupole olletivity in
30,32,34Mg and 32,34,36,38Si. The Hartree-Fok-Bogoliubov
states obtained in the quadrupole onstrained mean eld approah are taken as in-
trinsi states for the projetion. Exitation energies of the rst 2+ states and the
B(E2, 0+ → 2+) transition probabilities are given. A reasonable agreement with
available experimental data is obtained. It is also shown that the mean eld piture
of those nulei is strongly modied by the projetion.
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Neutron-rih nulei withN ≈ 20 are spetaular examples of shape oexistene
between spherial and deformed states. Experimental evidene for an island
of deformed nulei near N = 20 has been found in the fat that 31Na and
32Na are more tightly bound than ould be explained with spherial shapes
[1℄. Additional support omes from the unusually low exitation energy of
the 2+ state in 32Mg [2℄. A large ground state deformation has also been
inferred from intermediate energy Coulomb exitation studies [3℄ in
32Mg.
Quadrupole olletivity of
32−38Si has also been studied in [4℄. Very reently
this region has been the subjet of detailed experimental spetrosopi studies
at ISOLDE [5℄. From a theoretial point of view, deformed ground states
have been predited for nulei with N ≈ 20 [68℄. In those alulations the
rotational energy orretion is the essential ingredient for the stabilization
of the deformed onguration. On the other hand, some alulations have
predited [912℄ a spherial ground state for
32Mg but it has also been found
[12℄ that deformation eets may appear as a result of dynamial orrelations.
Some shell model alulations, even with restrited onguration spaes, have
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been able to explain the inreased quadrupole olletivity at N = 20 as a
result of neutron 2p−2h exitations into the fp shell, see for example [13,14℄.
Reently, a mean eld study has explored the suitability of several Skyrme
parameterizations [15℄ in the desription of this and other regions of shape
oexistene.
The mean eld desription of nulei is usually a good starting point as it
provides a qualitative, and in many ases quantitative, understanding of the
nulear properties. This is the ase when the mean eld solution orresponds
to a well dened minimum. However, in regions of shape oexistene where
two minima are found at a omparable energy, the orrelation eets stem-
ming from the restoration of broken symmetries and/or olletive motion an
dramatially alter the energy landsape thus hanging the mean eld piture.
For this reason, we have inluded in our mean eld alulations the eets
related to the restoration of the broken rotational symmetry by performing,
for the rst time with the Gogny fore, angular momentum projeted alu-
lations of the energies and other relevant quantities. The reason for hoosing
to restore rotational symmetry is that the zero point energy assoiated with
this restoration is somehow proportional to deformation and ranges, in this
region, from a few KeV for nearly spherial ongurations to several MeV for
well deformed ones. This energy range is omparable to the energy dierenes
found between dierent shapes in nulei of this region. Therefore, in addition
to the mean eld results, both angular momentum projeted I = 0 and I = 2
surfaes were omputed for the nulei
30,32,34Mg and 32,34,36,38Si and angular
momentum projeted transition probabilitiesB(E2, 0+ → 2+) among dierent
ongurations.
The alulation proeeds in two steps: in the rst one we perform a set of
onstrained Hartree- Fok- Bogoliubov (HFB) alulations using the D1S pa-
rameterization [16℄ of the Gogny fore [17℄ and the mass quadrupole operator
Qˆ20 = z
2 − 1
2
(x2 + y2) as the onstraining operator in order to obtain a set
of intrinsi wave funtions | φ(q20)〉. The self-onsistent symmetries imposed
in the alulation were axial symmetry, parity and time reversal. The two
body kineti energy orretion was fully taken into aount in the minimiza-
tion proess. On the other hand, the Coulomb exhange term was replaed by
the loal Slater approximation and negleted in the variational proess. The
Coulomb pairing term as well as the ontribution to the pairing eld from
the spin-orbit interation were negleted. A harmoni osillator (HO) basis of
10 major shells was used to expand the quasi-partile operators and the two
osillator lengths dening the axially symmetri HO basis were kept equal for
all the values of the quadrupole moment. The reason for hoosing the basis
this way was that we wanted a basis losed under rotations (i.e. an arbitrary
rotation of the basis elements always yields wave funtions that an be solely
expressed as linear ombinations of the elements of the basis) in order to avoid
the tehnial diulties disussed in [18℄ when a non-losed basis is used. In
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the seond step we ompute the angular momentum projeted energy for eah
intrinsi wave funtion | φ(q20)〉 obtaining in this way a set of energy urves
EI(q20) for eah value of I = 0, 2, . . . The minima of eah urve provide us
with the energies and wave funtions of the I = 0+, 2+, . . . yrast and isomeri
states.
The theoretial bakground for angular momentum projetion is very well de-
sribed in [19,20℄ and therefore we will not dwell on the details here. However,
a few remarks onerning the peuliarities of our alulation are in order:
rst, and due to the axial symmetry imposed in the HFB wave funtions, the
angular momentum projeted energy is given by
EI(q20) =
∫ pi
2
0 dβsenβd
I
00(β)〈φ(q20) | Hˆ
′[ρβ(~r)]e
−iβJˆy | φ(q20)〉
∫ pi
2
0 dβsenβd
I
00(β)〈φ(q20) | e
−iβJˆy | φ(q20)〉
(1)
with Hˆ ′[ρβ(~r)] = Hˆ [ρβ(~r)]−λpi(Nˆpi−Z)−λν(Nˆν−N). The term−λpi(Nˆpi−Z)−
λν(Nˆν−N) is inluded to aount for the fat that the projeted wave funtion
does not have the right number of partiles on the average. The previous term
would orrespond to the appliation of rst order perturbation theory if the
hemial potentials used were the derivatives of the projeted energy with
respet to the number of partiles. In our alulations we have simply used
the hemial potentials obtained in the HFB theory
1
. This simpliation is
justied by the fat that the deviations indued in the number of partiles due
to the angular momentum projetion are always small and so are their eets
on the projeted energies.
For the omputation of the matrix elements of the rotation operator in a HO
basis we have used the results of ref. [21℄.
Another relevant point to be disussed is the presription to use for the density
dependent part of the Gogny fore. In the alulation of the energy funtional
E[φ] = 〈φ| Hˆ |φ〉 the density appearing in the density dependent part of the
fore is simply ρ(~r) = 〈φ| ρˆ |φ〉 rendering the energy a funtional of the density
and the pairing tensor but with a dependene on the density dierent from
the anonial quadrati one of the standard HFB theory. On the other hand,
the energy overlap E[φ, φ′] = 〈φ| Hˆ |φ′〉 / 〈φ|φ′〉 an be evaluated using the ex-
tended Wik theorem. The nal expression is the same as the HFB funtional
E[φ] but replaing the density matrix by ρ¯ij = 〈φ| c
+
j ci |φ
′〉 / 〈φ|φ′〉 and the
pairing tensor by κ¯ij = 〈φ| cjci |φ
′〉 / 〈φ|φ′〉 and κ˜ij = 〈φ| cicj |φ
′〉 / 〈φ|φ′〉. As a
onsequene, it seems rather natural to use the density ρ¯ (~r) = 〈φ| ρˆ |φ′〉 / 〈φ|φ′〉
1
This reipe has been previously used [22℄ in the ontext of angular momentum
projetion and in Generator Coordinate Method (GCM) alulations [23℄. In both
ases it has been found that the present reipe works very well.
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Fig. 1. The HFB and projeted energies as a funtion of q20 for the nuleus
34Mg.
See text for further details.
in the evaluation of the density dependent term of the fore in E[φ, φ′]. In our
ase, this leads to the introdution of a density dependent term depending
on ρ¯ (~r, β) = 〈φ| ρˆe−iβJˆy |φ〉 / 〈φ| e−iβJˆy |φ〉. This density dependene seems to
yield to bizarre onsequenes like having a non-hermitian and non rotationally
invariant hamiltonian. These apparent inonsistenies an be overome if we
think of a density dependent fore, not as an operator to be added to the
kineti energy in order to obtain a hamiltonian, but rather as a devie to get
energy funtionals like E[φ] and E[φ, φ′] with the property of yielding an en-
ergy that is a real quantity and independent of the orientation of the referene
frame. The density dependene just mentioned fullls these two requirements
as an be readily heked. In addition, when the intrinsi wave funtion is
strongly deformed and the Kamlah expansion an be used to obtain an ap-
proximate expression for the projeted energy (the ranking model) the above
density dependene yields the orret expression for the angular veloity ω
inluding the rearrangement term [24℄. A more elaborated argumentation in
favor of the density dependene just mentioned will be given elsewhere.
As an example of the results obtained we show in Fig. 1 the HFB and projeted
energies as a funtion of q20 for the nuleus
34Mg. In ontrast with the HFB
result, the I = 0 energy surfae shows two pronouned minima in the prolate
and oblate side whih are rather lose to eah other in energy being the prolate
minimum slightly deeper than the oblate one. Therefore, it is diult to assign
a given harater to the I = 0 state until a onguration mixing alulation
is performed, although it is very likely that the predominant onguration
4
for the I = 0 state is going to be the prolate one. For I = 2 there is a well
developed prolate minimum. Let us also mention that for ongurations with
a q20 value lose to zero (i.e. lose to the spherial onguration q20 = 0 whih
is a pure I = 0 state) it is very diult to ompute the I = 2 projeted energy
due to numerial instabilities related to the smallness of 〈φ(q20)| Pˆ
I
00 |φ(q20)〉.
In the inset of Fig. 1 we have plotted the energy dierene EROT (I) = EHFB−
EI as a funtion of q20 for I = 0 (full line) in order to ompare it with the
rotational energy orretion EAppROT =
〈
J2y
〉
/JY often used in mean eld alu-
lations (dashed line). The Yooz moment of inertia JY has been omputed,
as it is usually done, in an approximate way by negleting the two body quasi-
partile interation term of the hamiltonian (the same kind of approximation
yields to the Inglis-Belyaev moment of inertia instead of the Thouless-Valatin
one). We notie that EAppROT agrees qualitatively well with EROT (0) for q20 val-
ues greater than 100fm2 and smaller than −50fm2 as expeted: these are
regions of strong deformation where the validity onditions for EAppROT to be a
good approximation to EROT (Kamlah expansion) are satised. On the other
hand, the behavior of EAppROT is ompletely wrong in the inner region. One pre-
sription to extend the rotational formula to weakly deformed states is the
one of [25℄ based on results with the Nilsson model. The presription multi-
plies EAppROT by a funtion of
〈
J2y
〉
with the property of going to zero (one) for〈
J2y
〉
going to zero (innity). The resulting rotational energy is also depited
in the inset of Fig. 1 (dotted line) and, although the qualitative agreement
with the exat result improves somewhat, the quantitative one is far from sat-
isfatory in the nuleus onsidered. The rotational energy orretion formula
is based on the assumption that the quantity h(β) =
〈
Hˆe−iβJˆy
〉
/
〈
e−iβJˆy
〉
an
be very well approximated by a quadrati funtion h(β) ≈ h(0) + 1
2
h′′(0)β2
where h′′(0) is related to the exat Yooz moment of inertia by the expression
JY = −
〈
Jˆ2y
〉2
/h′′(0). It is well known that this assumption is justied for de-
formed heavy nulei. However, we have heked that it is not the ase for the
nulei studied here even for the largest deformations onsidered. Therefore,
we onlude that the exat restoration of the rotational symmetry is funda-
mental for a qualitative and quantitative desription of the rotational energies
in these light nulei.
The main outomes of the alulation are summarized in Fig. 2 where we show,
on the left hand side panel, the HFB potential energy surfaes for Mg and Si
isotopes as a funtion of the mass quadrupole moment. These surfaes have
been shifted aordingly to t them in the plot. We observe that only in the
nulei
34Mg and 38Si we obtain a prolate minimum at β2 deformations of 0.4
and 0.35 respetively. For the other nulei, the minimum orresponds to the
spherial onguration. For all the nulei onsidered the energy urves are very
at around the orresponding minimum indiating that further orrelations
an substantially modify the energy landsape and therefore the onlusions
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Fig. 2. HFB (left), angular momentum projeted I = 0 (middle) and I = 2 (right)
olletive potential energy surfaes for the nulei
30,32,34Mg and 32,34,36,38Si. All
the urves have been shifted by the same amount for eah nuleus in all the three
ases in order to t them in a single plot. The energy shifts are -36, -30, and -28
MeV for
30,32,34Mg and -23, -13 and -6 MeV for 32,34,36Si respetively. The range of
quadrupole moments onsidered roughly orrespond to a β2 range from -0.5 to 0.85.
obtained from the raw HFB results.
On the middle and right hand side panels of Fig. 2 we show the angular mo-
mentum projeted I = 0 and I = 2 potential energy surfaes for all the nulei
onsidered. These surfaes have also been shifted to t them in the plot. For
I = 0, apart from the nuleus 34Mg that shows a rather lear prolate minimum,
the general trend for the ground state is to show shape oexistene. For I = 2
we have prolate minima for
32−34Mg and oblate minima for 32−34Si whereas
the other nulei are examples of shape oexistent strutures. The results just
shown indiate that, for a quantitative desription of the ground and 2+ states
in all these nulei, a onguration mixing alulation (GCM) using the mass
quadrupole moment as generating oordinate is needed. In spite of this, we
present in Table 1 the 0+−2+ energy dierenes for the four possible ongu-
rations with the 0+ in the prolate (P) or oblate (O) minimum and the 2+ also
in the P or O minimum. The energies written in boldfae orrespond to the
preditions obtained by stritly using the riterion of the absolute minimum of
EI(q20) to assign the 0
+
and 2+ states. Comparison of these preditions with
the experimental results indiates a reasonable agreement exept for
36Si. The
inlusion of onguration mixing will presumably improve the agreement as
it always yields to a mixed onguration with an energy lower than the en-
ergies of the states being mixed. Therefore, if the 0+ongurations strongly
mix (shape oexistene) but the 2+ones do not ( there is a well established
minima) the 0+ − 2+ energy dierene will inrease whereas it will derease
if the opposite situation takes plae. On the other hand, if onguration mix-
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Table 1
Exitation energies, in MeV, for the 2+ states. The four possible ombinations are
shown. The numbers in boldfae indiate the onguration where the 0+ and the
2+ orrespond to the absolute minimum of the projeted energy surfae.The exper-
imental data are taken from [4℄ (Si) and from [2℄ (Mg).
(0+P − 2
+
P ) (0
+
O − 2
+
P ) (0
+
P − 2
+
O) (0
+
O − 2
+
O) Exp
30Mg 1.683 1.681 2.391 2.388
32Mg 0.873 0.235 4.546 3.909 0.885
34Mg 0.753 -1.206 5.960 4.000
32Si 4.475 5.408 0.869 1.803 1.941
34Si 4.088 4.324 2.383 2.619 3.327
36Si 2.845 2.670 2.778 2.603 1.399
38Si 1.238 1.481 1.837 2.080 1.084
ing is important for both the 0+ and 2+ states anything an happen to the
exitation energy. Therefore, we expet that onguration mixing is going to
inrease the exitation energies in all ases exept in
30Mg and 36,38Si where
the behavior is unpreditable. In Table 2 we present the results obtained for
the B(E2, 0+ → 2+) transition probabilities for the four possible ombina-
tions. As in the previous table, the results obtained by hoosing for the 0+
and 2+ states the ones orresponding to the absolute minima of the projeted
energies are written in boldfae. For the nulei
32Mg and 34Mg we obtain very
olletive values for the B(E2) whih, in the ase of 32Mg, are in rather good
agreement with the experiment. For both nulei, we expet a ontamination
of the ground state wave funtion by the oblate 0+ state that will yield to a
redution of the B(E2) values (see olumn two for the B(E2, 0+O → 2
+
P )) that
will bring the theoretial preditions in loser agreement with the experimental
data. For the
32Si, 34Si and 38Si isotopes we underestimate the B(E2) values
but, presumably, admixtures of the 0+P → 2
+
P transition will help to bring the
theoretial results in loser agreement with the experiment, speially for the
38Si nuleus. Conerning 36Si we an only onlude that a strong 0+P → 2
+
P
omponent has to be present in the evaluation of the B(E2).
In Table 3 the HFB and projeted ground state energies for the nulei under
onsideration are shown and ompared to the experimental data taken from
[26℄. The inlusion of the zero point energy stemming from the restoration
of the rotational symmetry learly improves the theoretial desription of the
binding energies.
In onlusion, we have omputed several properties of neutron rih Mg and
Si isotopes using the HFB theory and exat angular momentum projetion.
In the alulations the nite range density dependent Gogny fore has been
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Table 2
Transition probabilities B(E2, 0+ → 2+) in e2fm4 between dierent ongurations
in
30,32,34Mg and 32,34,36,38Si. As in the previous table O (P ) stands for the oblate
(prolate) onguration. The experimental data is taken from [4℄ (Si) and from [3℄
(Mg).
0+P → 2
+
P 0
+
O → 2
+
P 0
+
P → 2
+
O 0
+
O → 2
+
O Exp.
30Mg 182.11 39.44 0.88 8.38
32Mg 593.24 15.53 2.26 6.52 454±78
34Mg 549.21 14.74 2.66 10.51
32Si 402.09 54.19 4.26 50.71 113±33
34Si 227.18 62.51 6.81 39.16 85±33
36Si 232.22 45.05 6.43 28.31 193±59
38Si 418.91 35.18 4.43 69.80 193±71
Table 3
Ground state energies in MeV as ompared to the experimental results. The quan-
tities δEI=0 = EExp − EI=0 − EC.E. and δEHFB = EExp − EHFB − EC.E. are
also presented. The quantity EC.E. stands for the HFB Coulomb exhange energy
omputed in the Slater approximation. The experimental data are taken from [26℄.
EHFB EI=0 EC.E. EExp δEI=0 δEHFB
30Mg -235.01 -237.90 -4.29 -241.63 0.56 -2.33
32Mg -244.00 -245.62 -4.22 -249.68 0.16 -1.46
34Mg -248.61 -252.09 -4.21 -256.58 -0.28 -3.76
32Si -262.55 -265.70 -5.13 -271.41 -0.58 -3.73
34Si -276.32 -277.59 -5.06 -283.42 -0.77 -2.04
36Si -284.15 -287.22 -5.04 -292.01 0.25 -2.82
38Si -291.66 -294.95 -4.98 -299.50 0.43 -2.86
used. The results for the exitation energies 0+ − 2+ and B(E2, 0+ → 2+)
transition probabilities obtained from the angular momentum projeted wave
funtions are in reasonable agreement with the experiment. The analysis of
the projeted energy surfaes and also the disrepanies found between theory
and experiment indiate that onguration mixing is an important ingredient
in these nulei. Work is in progress in order to inorporate suh onguration
mixing.
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